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coaccelerated frame and the Unruh effect
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We investigate the resonance interaction energy between two uniformly accelerated identical
atoms, interacting with the scalar field or the electromagnetic field in the vacuum state, in the
reference frame coaccelerating with the atoms. We assume that one atom is excited and the other
in the ground state, and that they are prepared in their correlated symmetric or antisymmetric
state. Using perturbation theory, we separate, at the second order in the atom-field coupling, the
contributions of vacuum fluctuations and radiation reaction field to the energy shift of the interact-
ing system. We show that only the radiation reaction term contributes to the resonance interaction
between the two atoms, while Unruh thermal fluctuations, related to the vacuum fluctuations con-
tribution, do not affect the resonance interatomic interaction. We also show that the resonance
interaction between two uniformly accelerated atoms, recently investigated in the comoving (locally
inertial) frame, can be recovered in the coaccelerated frame, without the additional assumption of
the Fulling-Davies-Unruh temperature for the quantum fields (as necessary for the Lamb shift, for
example). This indicates, in the case considered, the equivalence between the coaccelerated frame
and the locally inertial frame.
PACS numbers: 04.62.+v, 03.70.+k, 42.50.Lc
I. INTRODUCTION
Quantum field theory in accelerated frames predicts
that a detector (an atom, for example) uniformly accel-
erated in the Minkowski vacuum perceives the vacuum
state as a thermal bath at a temperature proportional to
its acceleration, T = a/2π, a being the atomic accelera-
tion [1–3]. In qualitative terms this phenomenon, known
as the Unruh or Unruh-Fulling-Davies effect, originates
from the time-dependent Doppler shift of the quantum
vacuum field detected by the accelerated atom/detector
[4]. A fundamental consequence of this effect is that the
concept of particle in quantum field theory is essentially
observer-dependent. Initially treated as a purely kine-
matic effect, the Unruh effect has stimulated intense the-
oretical investigations on the dynamical properties of uni-
formly accelerated systems, for example the emission of
radiation from uniformly accelerated atoms [5]. The im-
portance of the Unruh effect is nowadays recognized, not
only in its own right, but also in connection with many
other actual research topics, such as black hole evapora-
tion [6], cosmological horizon [7], and also applications in
quantum information science [8, 9]. Several experimental
schemes have been proposed to detect this very tiny ef-
fect, intertwining quantum physics and general relativity,
in the laboratory, but it has not been yet observed. In
fact, it is necessary to reach accelerations of the order of
∼ 1020m/s2 to obtain an Unruh radiation corresponding
∗Electronic address: roberto.passante@unipa.it
to a temperature of a few Kelvin [10–13]. In this context,
it has been recently argued that van der Waals/Casimir-
Polder interatomic interactions between two accelerating
atoms could be good candidates for an indirect detection
of the Unruh effect at experimentally reasonable acceler-
ations [14, 15].
Phenomena closely related to the Unruh effect are the
dynamical Casimir effect, that is the emission of electro-
magnetic radiation from a single accelerated mirror in
the vacuum [16, 17] and the dynamical Casimir-Polder
interactions, which originate from a nonadiabatic change
of some physical parameter of the system (such as the
atomic transition frequency, or the dielectric properties
of a physical boundary) [18–20]. Both the Unruh effect
and the dynamical Casimir and Casimir-Polder effects
stress the nontrivial nature of the quantum vacuum, un-
derlining its intrinsic dynamical structure.
Although the Unruh effect has been extensively inves-
tigated up to now from a theoretical point of view, con-
troversies concerning with the real existence of this ef-
fect and its physical meaning remain open [21, 22]. On
the other hand, it has been recently argued that the ex-
istence of the Unruh effect is mandatory for the consis-
tency of quantum field theory [23]. It is therefore relevant
to investigate theoretically all physical manifestations of
the Unruh effect in different physical systems, as well as
possible experimental setups to detect this elusive phe-
nomenon at the boundary between quantum mechanics
and general relativity. Recently, radiative properties of
atoms in noninertial motion [14, 24–36] or atoms at rest
immersed in a thermal bath [37–40], have been investi-
2gated, also aiming for proposals of experimental verifica-
tions of the Unruh effect. The main aim of these investi-
gations is also to explore the effect of a uniform accelera-
tion on the dynamical properties of atomic systems, and
at which extent the Unruh equivalence of acceleration
and temperature is valid. In this context, many inves-
tigations in the literature have been concerned with the
question of the equivalence between the locally inertial-
and coaccelerated-frame points of view. In particular, it
has been shown in different specific cases that a complete
agreement between the physical results obtained in the
comoving (locally inertial) and coaccelerated frame can
be restored, providing to assume an Unruh temperature
proportional to the acceleration of the system, for the
quantum fields in the Rindler frame; examples are the
excitation rate of a uniformly accelerated atom [35, 41],
the rate of photon emission with a given transverse mo-
mentum [42, 43] and the decay of accelerated protons
[23]. From the previous considerations, it seems that the
existence of the Unruh effect is a requirement for the
compatibility of physical results in different (locally in-
ertial and coaccelerated) frames. A question naturally
emerges, that is if this assumption is a necessary con-
dition for any radiative process, or if some effect exists
that is observer-independent, for which Minkowski and
Rindler observers give the same predictions, without any
additional assumption of an Unruh temperature.
In this paper, we explore this issue investigating the
resonance interaction energy between two uniformly ac-
celerated atoms, from the point of view of a coaccelerated
observer. The resonance interaction between uniformly
accelerated atoms in the Minkowski vacuum has been re-
cently investigated in the comoving frame [44]. Also, the
radiative properties of uniformly accelerated entangled
atoms have been recently investigated [45]. Here, we con-
sider the resonance energy between two atoms prepared
in a Bell-type state in the Rindler spacetime, with also
the aim to discuss the equivalence of the results obtained
in the Rindler frame with those obtained in a locally in-
ertial frame.
Resonance interactions between atoms occur when one
or both atoms are in an excited state and an exchange of
real or virtual photons between the two atoms is involved.
These interactions are usually fourth-order effects in per-
turbation theory. However, if the two identical atoms are
prepared in a correlated (symmetric or antisymmetric)
state, with one atom in its ground state and the other in
an excited state, the excitation is delocalized among the
two atoms and the resonance interaction is a second-order
effect in the atom-field coupling constant [46, 47]. This
stems from the fact that, in the symmetric or antisym-
metric state, the two atomic dipoles are correlated, while
for factorized states (as in the case of dispersion inter-
action, for example) they must be correlated by vacuum
fluctuations [48, 49]. For this reason this interaction can
be much stronger than the resonance interaction between
atoms in factorized states, even if it requires preparing
the system in a correlated state. Resonance interactions
are very long range effects, scaling as r−3 (r being the
interatomic distance) in the limit of short distance (com-
pared with the atomic transition wavelength (r ≪ λ0)),
and as r−1 for r ≫ λ0. This behavior should be compared
with the usual dispersion interactions between ground-
state atoms, that scales as r−7 in the far-zone limit, or
the interaction between atoms in excited factorized states
that in the same limit scales as r−2.
Recently, it has been discussed that resonant interac-
tions can be modified (enhanced or inhibited) in various
circumstances, for example when the atoms are immersed
in a structured environment such as a photonic crystal or
a waveguide [50, 51]. The relation of the resonance inter-
action with other physical processes, such as the resonant
energy transfer [47], as well as its role in some coher-
ent biological processes [52], have been also investigated.
Also, very recently the resonance interaction between two
uniformly accelerated atoms in the Minkowski space has
been investigated from the point of view of a comoving
frame [44]. It has been shown that Unruh thermal fluc-
tuations do not affect the resonance interaction between
the two accelerated atoms, which is exclusively due to
the radiation reaction field. Nevertheless, the noninertial
motion of the atoms affects the resonant interatomic en-
ergy, showing new properties, ultimately related to the
peculiar structure of the quantum vacuum of the electro-
magnetic field in a locally inertial frame [44]. In particu-
lar, nonthermal effects of the atomic acceleration, related
to the noninertial character of accelerated motion, result
in a different scaling with the distance and a different de-
pendence on the acceleration compared to those expected
from the known Unruh acceleration-temperature equiv-
alence. Here we focus our attention on the resonance
interaction between atoms in non-inertial motion, from
the point of view of a coaccelerated observer, and discuss
the relation between the results obtained in the comov-
ing and coaccelerated frames. Following the procedure
of Dalibard et al. [53, 54] to separate vacuum fluctua-
tions and radiation reaction contributions, we calculate
the resonance interaction between two atoms prepared in
a correlated state, and interacting with the scalar or the
electromagnetic field in the vacuum state (in the Rindler
frame). In agreement with the results in [44], we show
that vacuum field fluctuations do not affect the resonance
interaction between the two correlated atoms, which is
exclusively due to the radiation reaction contribution. In
both cases considered (scalar and electromagnetic field)
we obtain in the coaccelerated frame the same expres-
sions of the resonance interaction obtained in the comov-
ing frame, without any additional assumption of an Un-
ruh temperature for the quantum field. This behavior is
basically related to the nonthermal feature of the reso-
nance interaction. Therefore we find that, at variance of
other physical effects such as the Lamb shift or the rate of
spontaneous emission of uniformly accelerated atoms, the
resonance interaction between two accelerated atoms is
observer-independent. The equivalence obtained shows
3that the Unruh thermal bath, although present in the
comoving frame of the accelerated atoms, does not play
any role in some specific radiative processes such as the
resonance interaction between accelerated atoms.
The paper is organized as follows. In Sec. II we intro-
duce our model and calculate the resonance interaction
between two correlated accelerated identical atoms, in-
teracting with the scalar field in the vacuum state, in the
coaccelerated frame; we then compare our results with
those obtained in the locally inertial frame. In Sec. III we
extend our results to the case of accelerated atoms inter-
acting with the electromagnetic field in the vacuum state,
using the Weyl gauge, comparing the results obtained in
the coaccelerated frame with previous results obtained in
the comoving frame and discuss their physical meaning.
Section IV is finally devoted to our conclusive remarks.
II. THE SCALAR FIELD CASE
We consider two identical two-level atoms, labeled with
A and B, uniformly accelerated along parallel trajecto-
ries, in the Minkowski vacuum. We suppose that the
two atoms accelerate with the same acceleration a along
the x direction, while their distance is along z; denoting
the coordinates in an inertial frame with (t, x, y, z), the
trajectories of the two atoms are given by
t(τ) =
1
a
sinh aτ, xA/B(τ) =
1
a
coshaτ ,
yA/B(τ) = 0, zA(τ) = z1, zB(τ) = z2, (1)
where a is the proper acceleration (we use units such that
kB = ~ = c = 1; in these units the acceleration has the
same dimension of the temperature).
The inertial frame can be related to the coaccelerated
frame by the following coordinate transformation,
t(τ, ξ) =
1
a
eaξ sinh aτ , x(τ, ξ) =
1
a
eaξ coshaτ (2)
with (τ, ξ, y, z) describing the coordinates in the coaccel-
erated frame. Then the Minkowski spacetime with the
metric
ds2 = dt2 − dx2 − dy2 − dz2 , (3)
is correspondingly transformed to the right Rindler
wedge
R+ = {|t| ≤ x} , (4)
the metric of which can be described by
ds2 = e2aξ(dτ2 − dξ2)− dy2 − dz2 . (5)
An atom with positive acceleration amakes only the right
Rindler wedge R+ completely accessible to a coacceler-
ated observer [55].
The scalar field operator in the Rindler wedge can be
expanded in terms of a complete set of scalar field modes
as
φ(τ, ~x) =
∫ ∞
0
dω
∫ ∞
−∞
dky
∫ ∞
−∞
dkz
×
[
bω,ky,kz (τ)vω,ky ,kz (~x) + b
†
ω,ky,kz
(τ)v⋆ω,ky ,kz(~x)
]
,(6)
with b†ω,ky,kz (τ) (bω,ky,kz(τ)) the creation (annihilation)
bosonic operators of Rindler particles at the proper time
τ , and
vω,ky,kz(~x) =
1
2π2
√
a
√
sinh
(
πω
a
)
Kiω
a
(
1
a
k⊥e
aξ
)
×eikyy+ikzz , (7)
with k⊥ =
√
k2y + k
2
z . The Hamiltonian of the scalar
field is then expressed in terms of the annihilation and
creation operators as
HF (τ) =
∫ ∞
0
dω
∫ ∞
−∞
dky
∫ ∞
−∞
dkz ω b
†
ω,ky,kz
(τ)bω,ky ,kz(τ) .
(8)
We now suppose that the two identical atoms are linearly
and locally coupled to the relativistic massless scalar
field. The Hamiltonian of the interacting system assumes
then the form
H(τ) = ω0
(
σA3 (τ) + σ
B
3 (τ)
)
+HF (τ)
+λ(σA2 (τ)φ(xA(τ)) + σ
B
2 (τ)φ(xB(τ))), (9)
σi(i = 1, 2, 3) being the usual pseudospin operators and
λ a coupling constant. We denote by |g〉 and |e〉 the
two atomic eigenstates with energies −ω0/2 and +ω0/2
respectively, and assume the field to be initially in its
vacuum state. Finally, ω0 takes also into account any
direct modification of the atomic transition frequency due
to the atomic acceleration.
In order to obtain the resonance interaction between
the two accelerated atoms, we follow a procedure due to
Dalibard at al. [53, 54], allowing to separate vacuum fluc-
tuations and radiation reaction contributions to the en-
ergy shift due to the atom-field coupling. This procedure
consists of solving the Heisenberg equations of motion
for the dynamical variables of the atoms and the field,
and separating the solutions into free and source parts.
Then, the time evolution of a generic atomic observable
can be split in the sum of free and source contributions.
Similarly as in [24, 44], we find that the time evolution
of a generic atomic observable, pertaining, for example,
to atom A, can be described in terms of two effective
Hamiltonians, (HeffA )vf (related to vacuum field fluctu-
ations) and (HeffA )rr (related to the radiation reaction
4field). We get
(HeffA )vf = −i
λ2
4
∫ τ
τ0
dτ ′〈0|{φf (xA(τ)), φf (xA(τ ′))}|0〉
×[σf2,A(τ), σf2,A(τ ′)] , (10)
where | 0〉 denotes the vacuum state of the field, τ0 →
−∞ is an initial time and φf (x(τ)) is the free part of the
field operator which can be expressed as
φf (x(τ)) =
∫ ∞
0
dω
∫ ∞
−∞
dky
∫ ∞
−∞
dkz
×[ bω,ky,kz(τ0)vω,ky,kz (τ, ~x) + b†ω,ky,kz(τ0)v⋆ω,ky,kz (τ, ~x)],(11)
with
vω,ky ,kz(τ, ~x) = e
−iωτvω,ky,kz (~x) , (12)
We also have
σf2 (τ) =
i
2
(σf−(τ) − σf+(τ)), (13)
with
σf±(τ) = σ±(τ0)e
±iω0(τ−τ0) , (14)
where σ+ = |e〉〈g| and σ− = |g〉〈e|.
Similarly, (HeffA )rr is
(HeffA )rr = −i
λ2
4
∫ τ
τ0
dτ ′〈0|[φf (xA(τ)), φf (xA(τ ′))]|0〉
×{σf2,A(τ), σf2,A(τ ′)}
−iλ
2
4
∫ τ
τ0
dτ ′〈0|[φf (xA(τ)), φf (xB(τ ′))]|0〉
×{σf2,A(τ), σf2,B(τ ′)} . (15)
Similar expressions are obtained for the effective
Hamiltonian governing the time evolution of atom B.
As shown by the expressions above, the effective
Hamiltonian (10) and the first term in Eq. (15), do not
depend on the presence of the atom B; thus, they con-
tribute only to the single-atom Lamb shift. On the con-
trary, the second term in Eq. (15) depends on both atoms
A and B, and thus, it is the only one relevant for the res-
onance interatomic energy we are calculating. The reso-
nance interaction energy is then obtained by taking the
expectation value of the effective Hamiltonians (HeffA/B)rr
on one of the two correlated (symmetric or antisymmet-
ric) atomic states,
|ψ±〉 = 1√
2
(|gA, eB〉 ± |eA, gB〉). (16)
Taking into account only the terms depending on the
interatomic distance, the relevant energy shift is
δE = 〈ψ±|(HeffA )rr + (HeffB )rr|ψ±〉. (17)
We get
δE = −iλ2
∫ τ
τ0
dτ ′χF ((xA(τ), xB(τ
′))CA,B(τ, τ
′)
+(A⇋ B term) (18)
where we have introduced the linear susceptibility of the
field, χF ((xA(τ), xB(τ
′)), defined as
χF ((xA(τ), xB(τ
′)) =
1
2
〈0|[φf (xA(τ)), φf (xB(τ ′))]|0〉 ,
(19)
and the symmetric statistical function of the atoms,
CA,B(τ, τ
′),
CA,B(τ, τ
′) =
1
2
〈ψ±|{σf2,A(τ), σf2,B(τ ′)}|ψ±〉 , (20)
which can be further simplified by the use of Eqs. (12),
(14) and (16), obtaining
CA,B(τ, τ
′) = ±1
8
(eiω0(τ−τ
′) + e−iω0(τ−τ
′)) . (21)
Hereafter, “±” corresponds to the symmetric or antisym-
metric state |ψ±〉 respectively.
The procedure outlined above is general, and we can
now apply it to calculate the resonance interatomic en-
ergy in a coaccelerated frame. Using the Rindler coor-
dinates, the trajectories of the two atoms described by
Eq. (1) are now given by
τA = τ , ξA = yA = 0 , zA = z1 ;
τB = τ , ξB = yB = 0 , zB = z2 . (22)
Using (22) in Eqs. (7), (11), (12) and (19), and after some
algebraic calculations, we obtain an explicit expression
for the linear susceptibility of the field,
χF (xA(τ), xB(τ
′)) = − 1
8π2
1
z
√
N(z, a)
∫ ∞
0
dωg(ω, z, a)
×(eiω(τ−τ ′) − e−iω(τ−τ ′)) , (23)
where we have defined z = zA−zB, N(z, a) = 1+ 14a2z2,
and g(ω, z, a) = sin(2ωa sinh
−1(az2 )). A comparison with
the result obtained in a local inertial frame [see Eq. (13)
in [44]], shows the complete equivalence of the results in
the locally inertial and Rindler frames. Using Eqs. (23)
and (21) into Eq.(18), after some algebra, we obtain the
resonant interatomic energy between the two atoms in
the following form
δE = ∓ λ
2
16π
1
z
√
N(z, a)
cos
(
2ω0
a
sinh
(
az
2
))
. (24)
This expression gives the resonance interaction be-
tween two atoms in the coaccelerated frame; as already
mentioned, it coincides with the expression obtained for
the resonance interaction between two atoms uniformly
5accelerated in the Minkowski space in a locally inertial
frame [see Eq. (14) in Ref. [44]]. Thus, although the
Minkowski and Rindler vacua are not equivalent due to
the Unruh effect, the resonance interaction between two
uniformly accelerated atoms seen by an inertial observer
comoving with the two atoms (Minkowski observer) co-
incides with that seen by an observer in a coacceler-
ated frame (Rindler observer), without any additional
assumption of an Unruh temperature for the field in the
coaccelerated frame. This equivalence between the two
different (locally inertial and coaccelerated) frames, as
far as the resonance interaction is concerned, is related
to the intrinsic nonthermal nature of the resonance in-
teraction, which is exclusively related to the radiation
reaction field. Thus, the assumption of an Unruh tem-
perature for the field in a coaccelerated frame, is not
necessary in the present case for a complete equivalence
between locally inertial and coaccelerated point of views;
this result should be compared with previous results con-
cerning other radiative processes, such as the Lamb shift
or the spontaneous emission of a uniformly accelerated
atom, where a fully equivalence between the two points
of view requires to assume an Unruh temperature for the
field in the Rindler frame.
III. THE ELECTROMAGNETIC FIELD CASE
We now suppose that the two atoms interact with the
quantum electromagnetic field in the vacuum state and
are prepared in one of the correlated states (16). We
use the same procedure of Sec. II for separating the vac-
uum fluctuations and radiation reaction contributions to
the resonance interaction between the two atoms. We
first introduce some relevant properties of the quantum
electromagnetic field in the Rindler spacetime. Research
works dealing with the quantization of electromagnetic
field in the Rindler spacetime exploit different gauge con-
ditions [42, 43, 56–58]. Here we use the scheme proposed
in Ref. [58], where the electromagnetic field is quantized
under the Weyl gauge. This will make our calculations
simpler than with other gauge conditions. We specialize
it to the 4-dimension case.
Under the Weyl gauge, the 0th component of the vector
potential is chosen to vanish, i.e.,
A0(τ, ~x) = 0 , (25)
and the Gauss law reads
∂i(
√
|g|g00∂0Ai) +
√
|g|j0 = 0 , (26)
where i = 1, 2, 3, j0 is the 0th component of the 4−vector
jν , and gµν is the metric tensor. Decomposing the com-
ponents of the vector potential into the transverse part,
Aˆi, and the longitudinal part, Ail ,
Ai = Aˆi +Ail , (27)
with
∂iAˆ
i = 0 , ▽× ~Al = 0 , (28)
it is easy to deduce from Eq. (26) that
∂0A
i
l = 0, (29)
when no external current is present. As a result, the
component of the conjugate momentum
Πi = −
√
|g|g00∂0Ai (30)
reduces to
Πi = −∂0Aˆi = Ei, (31)
where Ei denotes the ith component of the electric field.
So under the Weyl gauge, when no external source ap-
pears, the electric field is determined by the transverse
part of the vector potential.
The transverse part of the 1st component of the vector
potential can be expanded in terms of a complete set of
normal modes as [58]
Aˆ1(τ, ξ, ~x⊥) =
1
2π
∫
dωd~k⊥√
2ω
a2
ωk⊥
Z2kiω
a
(Z)
×[a1
ω,~k⊥
(τ)ei
~k⊥ ·~x⊥ +H.c.] , (32)
where ~x⊥ = (y, z), ~k⊥ = (ky , kz), H.c. means “Hermitian
conjugate”, and we have defined
Z = k⊥
a
eaξ , kiω
a
(Z) = 1
π
√
2ω
a
sinh
(
πω
a
)
Kiω
a
(Z) .(33)
The expansion of the two other components of the vector
potential is
AˆI(τ, ξ, ~x⊥) =
1
2π
∫
dωd~k⊥√
2ω
{[
eI(~k⊥)a
2
ω,~k⊥
(τ)
+i
akI
ωk⊥
a1
ω,~k⊥
(τ)Z d
dZ
]
kiω
a
(Z)ei~k⊥·~x⊥ +H.c.
}
,(34)
(I = 2, 3). The commutation relations are
[ai
ω,~k⊥
(τ), a†j
ω′,~k′
⊥
(τ)] = δijδ(ω − ω′)δ(~k⊥ − ~k′⊥), (35)
(i, j = 1, 2), and the polarization vector eˆ(~k⊥) satisfies
the following relations
3∑
I=2
kI eˆI(~k⊥) = 0,
3∑
I=2
eˆ2I(
~k⊥) = 1,
eˆI(~k⊥)eˆJ(~k⊥) = δIJ − kˆI kˆJ
k2⊥
, (36)
with J = 2, 3. According to the relations above, we can
choose the polarization vectors in the following form
eˆ(~k⊥) =
(
− kz
k⊥
,
ky
k⊥
)
, or eˆ(~k⊥) =
(
kz
k⊥
,− ky
k⊥
)
.(37)
6The Hamiltonian of the electromagnetic field, in terms of
the creation and annihilation operators, is
HF (τ) =
∫
dω
∫
d~k⊥ ω
2∑
i=1
a†i
ω,~k⊥
(τ) ai
ω,~k⊥
(τ) . (38)
We now consider the two uniformly accelerated identi-
cal atoms prepared in one of the correlated states (16) in
a coaccelerated frame and interacting with the quantum
electromagnetic field. The total Hamiltonian of the in-
teracting system in the multipolar coupling scheme and
in the dipole approximation has thus the form
H(τ) = HA(τ) +HB(τ) +HF (τ)
− ~µA(τ) · ~E(xA(τ)) − ~µB(τ) · ~E(xB(τ)), (39)
where ~µ = e~r is the atomic dipole moment operator and
~E(x(τ)) the electric field operator.
As before, the resonance interaction energy between
the two atoms can be obtained as
δE = −ie2
∫ τ
τ0
dτ ′χFij(xA(τ), xB(τ
′)) CA,Bij (τ, τ
′)
+ (A⇋ B) (40)
where χFij(xA(τ), xB(τ
′)) is the linear susceptibility of the
quantum electromagnetic field
χFij(xA(τ), xB(τ
′)) =
1
2
〈0|[Ei(xA(τ)), Ej(xB(τ ′))]|0〉 ,
(41)
and CA,Bij (τ, τ
′) is the atomic symmetric statistical func-
tion
CA,Bij (τ, τ
′) =
1
2
〈ψ±|{rAfi (τ), rBfj (τ ′)}|ψ±〉 , (42)
with
rAfi (τ) =
∑
mn
(ri)mnσ
A
mn(τ0)e
−iωmn(τ−τ0) . (43)
A similar expression is obtained for rBfi (τ). From
Eq. (43) and considering two-level atoms, we find
CA,Bij (τ, τ
′) = ±1
2
(rAge)i(r
B
eg)j(e
iω0(τ−τ
′) + e−iω0(τ−τ
′)) .
(44)
Now, substituting Eqs. (31)-(37) into Eq. (41), after
some calculation we obtain the following expression of
the field linear susceptibility
χFij(xA(τ), xB(τ
′)) =
1
8π2
∫ ∞
0
dω(e−iω(τ−τ
′) − eiω(τ−τ ′))
×
[
fij(a, z, ω) cos
(
2ω
a
sinh
(
az
2
))
+ gij(a, z, ω) sin
(
2ω
a
sinh
(
az
2
))]
,
(45)
where we have introduced the functions fij(a, z, ω) and
gij(a, z, ω), whose components are given by
fxx(a, z, ω) =
ω(1 + a2z2)
z2N2(z, a)
, (46)
fyy(a, z, ω) =
ω(1 + 12a
2z2)
z2N(z, a)
, (47)
fzz(a, z, ω) = −
2ω(1 + 18a
2z2 + 116a
4z4)
z2N2(z, a)
, (48)
fxz(a, z, ω) = −fzx(a, z, ω) =
aω(1− 12a2z2)
2zN2(z, a)
,(49)
7gxx(a, z, ω) = −
1 + 14a
2z2(2 + a2z2)− ω2z2(1 + 14a2z2)
z3N
5
2 (z, a)
, (50)
gyy(a, z, ω) = −
1− ω2z2(1 + 14a2z2)
z3N
3
2 (z, a)
, (51)
gzz(a, z, ω) =
2[(1 + 58a
2z2)− 18a2ω2z4(1 + 14a2z2)]
z3N
5
2 (z, a)
, (52)
gxz(a, z, ω) = −gzx(a, z, ω) = −
a[(1 + a2z2) + ω2z2(1 + 14a
2z2)]
2z2N
5
2 (z, a)
. (53)
Finally, substitution of Eqs. (45) and (44) into Eq. (40), after some algebra, yields
δE = ±δij(µ
A
ge)i(µ
B
eg)j
4π
×
[
fij(a, z, ω0) sin
(
2ω0
a
sinh−1
(
az
2
))
− gij(a, z, ω0) cos
(
2ω0
a
sinh−1
(
az
2
))]
± 1
4π
[(µAge)x(µ
B
eg)z − (µAge)z(µBeg)x]×
[
fxz(a, z, ω0) sin
(
2ω0
a
sinh−1
(
az
2
))
− gxz(a, z, ω0) cos
(
2ω0
a
sinh−1
(
az
2
))]
(54)
(the Einstein sum rule for the repeated indices ij has
been adopted).
The expression (54) gives the resonance interaction be-
tween two atoms in the coaccelerated frame and it is valid
for any distance between the atoms (beyond distances of
overlap of their electronic wave function). It coincides
with that obtained in a locally inertial frame [see Eq.
(27) in Ref. [44]], analogously to the scalar field case dis-
cussed in the previous section. Although the same results
are obtained in the instantaneously inertial frame and in
the coaccelerated frame for both the scalar and the elec-
tromagnetic field cases, one should keep in mind that
these two frames are different. In order to obtain the in-
teraction energy in the comoving frame, infinite instanta-
neously inertial observers are necessary. At any instant,
the observer measures an interaction energy which sum
up to the interaction energy given by Eqs. (24) and (54).
However, one coaccelerated observer is enough to get the
interaction energy, if the observation time interval is long
enough.
As discussed before, the equivalence of the results in
the coaccelerated and comoving frames stems from the in-
trinsically nonthermal property of the linear field suscep-
tibility in both locally inertial and coaccelerated frames.
Thus, similarly to the scalar field case, also in the case
of atoms interacting with the quantum electromagnetic
field in the vacuum state, we find a complete agreement
between the results here obtained in the coaccelerated
frame and the known results obtained in a locally in-
ertial frame, without any extra condition on the Unruh
temperature. In this sense, from the point of view of the
resonance interatomic interaction, a coaccelerated frame
is equivalent to a locally inertial frame.
It is worth pointing out that, although the resonance
interatomic energy is calculated assuming the field (in the
coaccelerated frame) in its vacuum state, the results ob-
tained (for the comoving and Rindler frames) are valid
even if we assume the field in a thermal state at arbi-
trary temperature, as the linear susceptibility function is
independent of the temperature. This conclusion is ba-
sically related to the intrinsic nonthermal nature of the
resonance interaction. The situation is totally different
when we consider only one atom coupled to a massless
scalar field [35] or to the electromagnetic field [41]; in this
case, it has been shown that the average rate of change
of the atomic energy in a coaccelerated frame is equiva-
lent to the counterpart in a locally inertial frame, if the
field in the coaccelerated frame is assumed to be in a
thermal state at the Unruh temperature, proportional to
the acceleration of the system; in this case, the average
rate of change of the atomic energy in the coaccelerated
frame is temperature-dependent. This behavior can be
traced back to the fact that the rate of atomic transition
is related to both field fluctuations and radiation reac-
tion contributions and that the contribution of the field
fluctuations is always temperature-dependent. Similar
results are expected for the Casimir-Polder dispersion in-
teratomic interaction between two uniformly accelerated
atoms, where one expects that dispersion interactions in
a coaccelerated frame will show an obvious temperature-
dependent behavior, related to the field fluctuations con-
tribution. Thus our results clearly show that the reso-
8nance interaction has, for the aspects discussed above, a
completely distinctive behavior.
IV. CONCLUSIONS
We have investigated the resonance interatomic en-
ergy between two uniformly accelerated atoms, one in
an excited state with the other in the ground state and
prepared in a correlated state, from the viewpoint of a
coaccelerated observer. We have considered both the
cases of atoms interacting with a massless scalar field
and the electromagnetic field, in the vacuum state. We
have separated the contributions of vacuum field fluc-
tuations and radiation reaction to the resonance inter-
action between the two atoms and discussed that only
the radiation reaction field contributes to the resonance
interaction, which is thus independent on the thermal ra-
diation in the space. We have shown that the linear field
susceptibility in the coaccelerated frame coincides with
that obtained in a local inertial frame. Thus, in both
cases considered, we obtain in the coaccelerated frame
the same expressions obtained in a locally inertial frame,
without any additional assumption of the Unruh temper-
ature for the quantum fields in the coaccelerated frame
(contrarily to other radiative effects for uniformly acceler-
ated atoms such as Lamb shift and spontaneous emission,
for example), thus making clearer the relation between
acceleration and temperature for accelerated systems.
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